ABSTRACT. Florida citrus groves are typically grown in two regions
tion is used as the standard system in Florida citrus . Determining citrus evapotranspiration (ET c ) is important for scheduling citrus irrigation to achieve optimal citrus yield and quality. However, citrus ET c measurements vary depending on method (Campbell and Williamson, 1997) and are sensitive to soil and environmental heterogeneity as well as citrus biophysical changes (Ginestar and Castel, 1996) .
Lysimeters are considered to be the most accurate method for measuring evapotranspiration, and serve as the standard for all other methods if they are designed properly, carefully maintained, and correctly interpreted (Allen and Fisher, 1990) . Because citrus tree size limits lysimeter use, lysimeters have been used to determine the ET c of young citrus trees (Boman, 1994) . The soil water balance method is the most frequently used method to estimate citrus ET c (Fares and Alva, 1999; Smajstrla et al., 2002; Morgan et al., 2006) ; however, the method has several problems. The measurement accuracy depends on the sensor resolution, soil disturbance is necessary for sensor installation, deep seepage is difficult to quantify, and measurements are representative of a relatively small area. The representativeness of soil moisture measurements depends on the sampling location and depth, which can be problematic for nonuniformly rooted crops such as orchards (Sene, 1996; Choi and Jacobs, 2007) .
The eddy correlation method is a proven approach for estimating evapotranspiration from trees (Sumner, 2001; Gholz and Clark, 2002) . The source area of evapotranspiration measurements made with this method is generally much larger than that of a lysimeter or a soil moisture sensor, thus providing a better integration of spatial heterogeneities within a forest or citrus grove. In Spain, the evapotranspira-tion of an olive orchard was measured by the eddy correlation method (Testi et al., 2004) , and for periods with no rainfall, ET c measured by the soil water balance method and the eddy correlation method agreed within 10%. Comparison of citrus transpiration measured by sap flow and evapotranspiration by the eddy correlation method also showed good agreement (<10% difference) (Rana et al., 2005) .
Because of the difficulties in measuring a citrus tree's evapotranspiration, it is frequently estimated from reference crop evapotranspiration (ET o ) and a crop coefficient (K c ) (Doorenbos and Pruitt, 1977; Allen et al., 1998) ; however, reported K c values for citrus differ substantially among studies. Some studies recommend fairly consistent values throughout the year (Doorenbos and Pruitt, 1977; Rogers et al., 1983; Allen et al., 1998) . Other studies show much lower K c values in the winter than the summer (Boman, 1994; Morgan et al., 2006) .
In Florida, citrus groves are typically established in the flatwoods or ridge regions. The flatwoods are in the southern and coastal areas of the state, whereas the ridges are in the northern and central areas of the state. Flatwoods are found in a flat landscape with low elevation where surface-water drainage is slow. In these areas, citrus is normally grown on raised 2-row beds, and drainage runs in ditches between beds (Boman, 1994) . Flatwoods citrus roots may be limited to the top 30 to 45 cm because of the high water table and the presence of argillic or spodic horizons. In contrast, ridge citrus grows in a landscape of low hills, in which individual plots may be level. The soils are fine to coarse sands (Parsons and Morgan, 2004 ) and tend to be well drained. The ridge citrus rooting depths are within the top 70 to 100 cm.
The objective of this study was to determine and compare citrus evapotranspiration measured by the eddy correlation method for the two typical soil conditions (flatwoods and ridge) in Florida. Citrus crop coefficients for the two mature citrus groves also were calculated.
MATERIALS AND METHODS
The experiment was conducted separately by two research groups (the University of Florida for the ridge citrus site and the U.S. Geological Survey for the flatwoods citrus site), at stations that were 200 km apart ( fig. 1) . The first station, in the ridge region (Ridge Citrus − RC), is near the center of the state, east of Weirsdale in Marion County, Florida (latitude 28° 59′ 34″ N, longitude 81° 51′ 9″ W, elevation about 23 m above sea level). The ridge citrus grove has 95 ha of various citrus varieties. The station is located near the center of the grove, where a 'Parson Brown' variety of sweet orange (Citrus sinensis (L) Osbeck) is grown. The trees were planted in 1989, and spacing is 3.8 m between trees and 7.7 m between rows (340 trees/ha). Rows run north to south on level fields. The space between rows is maintained as bare soil through tillage ( fig. 2) . Near the station, the trees are mature, and their heights are maintained at 5 to 6 m by annual hedging. The shortest distance from the eddy correlation station to the northwest edge of the grove, where oak trees are growing, is 170 m. The soil type at the site is Candler fine sand (Thomas et al., 1979 ), which is a nearly level to strongly sloping, excessively drained and well-drained sandy soil, with thin sandy loam lamellae at a depth of 1.5 to 2.0 m. The water table is greater than 2.0 m below the surface. Roots are found primarily in the upper 1 m of the soil. The flatwoods citrus (FC) grove is located in south Arcadia in DeSoto County, Florida (latitude 27° 10′ 42″ N, longitude 81° 46′ 23″ W, elevation about 20 m above sea level; fig. 1 ). The grove block in which the station is located consists of 22 ha of 'Hamlin' orange on Swingle citrumelo (C. paradisi Macf. x Poncirus. Trifoliate (L.) Raf) root stock. The 'Hamlin' oranges are harvested later than the 'Parson Brown' because of the growing requirement of the two varieties (Tucker et al., 1998) . The FC grove was planted in 1988. The spacing is 3.0 m between trees and 6.7 m between rows (498 trees/ha), which is denser than the RC grove. Rows run north to south, with tiled swales every other row and collector canals running east-west between 400 m wide blocks. Non-swale row middles are planted in bahia grass cover ( fig. 2) . The trees are mature, and their height is maintained by hedging every 2 to 3 years to 4.5 to 5.5 m, which is slightly lower than the RC tree height.
The FC station is located in the middle of the 400 m wide block. Canals and adjacent roads are at least 200 m from the site to the north and south, and are farther in other directions. Citrus is planted in all directions at least 168 m beyond the canals for a minimum total of 368 m. The soils are fine sands with less than 5% organic content. An iron-rich Spodic horizon up to 15 cm thick is present about 60 cm below the surface. Roots are found primarily in the upper 60 cm of soil. The soil at the flatwoods citrus site is EauGallie, which consists of nearly level, poorly drained, sandy soils throughout with a dark-colored subsoil or yellowish subsoil within a depth of 1.3 m that is underlain by loam material (Cowherd et al., 1989) . The water table is generally within 2 m of land surface and is kept below the root zone by the drainage system except during heavy rainfall.
The two stations were set up in 2004, and data from 15 July 2004 to 14 July 2005 were used in the analysis. Table 1 lists instrumentation for both stations. Meteorological and environmental variables measured include air temperature, relative humidity, wind speed and direction, soil temperature, soil heat flux, rainfall, net radiation, and incoming solar radiation. Each eddy correlation (EC) system consists of a Campbell Scientific CSAT3 3D sonic anemometer and a KH20 krypton hygrometer (Tanner and Greene, 1989; Twine et al., 2000) . The anemometer measures fluctuations in wind speed and virtual temperature using three pairs of nonorthogonal sonic transducers, and the hygrometer measures the fluctuation of vapor density. At both sites, the anemometer was set up facing the prevailing wind to minimize interference from the anemometer arms and other supporting structures. The KH20 was mounted 10 to 15 cm from the CSAT3. At the ridge citrus station, EC measurements were made at a frequency of 10 Hz; at the flatwoods station, measurements were made at 8 Hz.
The source area of an eddy correlation measurement is generally considered to extend an upwind distance of about 100 times the sensor height above the canopy (Campbell and Norman, 1998) . Using this criterion and a sensor height of 7.28 m (average 1.5 m above canopy) at the RC station and 10 m (4.5 m above canopy) at the FC station, the source areas are dominated by citrus. For the FC site, the effects of canals located about 200 m to the north and south of the station on the ET measurements are expected to be minimal.
The eddy correlation system directly measures the high-frequency fluctuations of wind speed, vapor density, and virtual air temperature (Tanner and Greene, 1989; Twine 
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Instrument [a] Height (m) [b] , 2000) . Fluctuations of these parameters were sampled at 8 or 10 Hz, and 30 min average covariances were calculated to estimate the turbulent fluxes of water vapor and sensible heat. The covariance of vertical wind speed and vapor density fluctuations was used to compute latent heat flux (LE). The covariance of vertical wind speed and virtual air temperature was used to compute virtual sensible heat flux (H). The 30 min latent heat fluxes were corrected for temperature-induced fluctuations in air density (Webb et al., 1980) and for the hygrometer sensitivity to oxygen (Tanner and Greene, 1989) . The sensible heat fluxes were corrected for differences between the virtual temperature and the actual air temperature (Schotanus et al., 1983) . Both the sensible and latent heat fluxes were corrected for misalignment with respect to the natural wind coordinate system (Baldocchi et al., 1988) . The Bowen ratio method was applied to close the energy balance over 30 min periods (Twine et al., 2000) .
For a tall crop like citrus, canopy heat storage flux can be an important component in the energy budget for short time intervals, even though it has often been neglected over time periods longer than a day (Oliphant et al., 2004) . For daytime periods, the canopy heat storage was about 2% of net radiation for a pine flatwoods and 3% for a cypress swamp (Bidlake et al., 1996) . In this study, the canopy storage heat flux was ignored.
For certain periods such as evenings, early mornings having dew formation, and after rainfall, the KH20 hygrometer measurements were not available because of water on the lens. The data analysis was conducted for daytime measurements only, since dew formation frequently limited the evening measurements. For nighttime ET, the latent heat was assumed negligible and not included in the daily ET calculation. For missing periods, fluxes were estimated from a modified Priestley-Taylor model (PT) (Priestley and Taylor, 1972) , where monthly alpha values that ranged from 0.75 to 1.16, rather than a constant 1.26, were used to estimate the missing 30 min LE value based on the meteorological variable. Over the 366-day study, these missing periods total 86 days (23%) for the FC site and 88 days (24%) for the RC site. Entire days were estimated when more than 30% of the daytime 30 min LE values were missing. When 70% or more of the 30 min LE values were directly measured by the eddy correlation system, only the remaining missing 30 min values were substituted with modeled values.
Crop coefficients (K c ) for both sites were developed by dividing the actual measured ET c by the grass reference crop ET (ET o ) estimated from meteorological data collected from a nearby grass site (ASCE-EWRI, 2005). All of the variables used in the ET o calculations were subjected to a standard quality check (Allen et al., 1998; ASCE-EWRI, 2005 ).
RESULTS

ENERGY FLUXES
The daily average daytime energy fluxes by location are shown in figure 3. Annual patterns of total available energy were similar at both locations, higher in the summer and lower in the winter. The annual average available energy [R n (net radiation) − G (soil heat flux at land surface)] was about the same for the two locations: 290 W/m 2 in the northern RC station, and 292 W/m 2 in the southern FC station. The average LE values for the two sites were slightly different: 190 and 173 W/m 2 for the RC and FC sites, respectively. The daily LE was higher in the fall than in the spring for both locations, although the total available energy was comparable for both seasons. The greatest LE differences between the two groves occurred in the fall. For the RC site, LE was higher than H in the summer and the fall, but they were comparable for the rest of the year ( fig. 3 ). For the FC site, LE and H were of similar magnitude throughout the year, with modest differences in the summer. This indicates that for the same amount of available energy, more energy was partitioned into evapotranspiration at the RC site than at the FC site. Table 2 Totals of 66% (RC) and 59% (FC) of (R n − G) were used for LE. The sensible heat flux (H) was normally higher at the FC site than at the RC site, with the greatest difference (67 W/m 2 ) in November 2004. Sensible heat fluxes were less than latent heat fluxes most of the year, except for the coldest months (January and February) for both locations. The Bowen ratio (H/LE) was smaller in the summer months, indicating that both citrus groves had an adequate supply of soil moisture during that period and were actively transpiring. In the winter months, the Bowen ratio frequently exceeded 1, indicating a greater partitioning of the limited available energy to sensible heat flux and reduced plant growth. The evaporative ratio (LE/R n , the fraction of net radiation used for crop evapotranspiration − ET c ), was generally higher for RC than for FC, indicating that a greater fraction of net radiation was used for ET c at the RC site.
Meteorological variables were also measured at the study sites. Daily average temperature (T, °C), relative humidity (RH, %), wind speed converted to 2 m above displacement height (about 2/3 of canopy height; U 2 , m/s), incoming solar radiation (R s , W/m 2 ), and net radiation (R n , W/m 2 ) are shown in figure 4. The FC site was warmer, windier, and had greater solar and net radiation than the RC site. The sites had comparable relative humidity values. On average, daily wind speed at the FC site was 31% higher than at the RC site. Three hurricanes that affected winds at FC on 13 August, 5 September, and 26 September 2004 are labeled in figure 4c. The FC site was located closer to the hurricane paths and experienced higher wind speeds during those events than the RC site. Daily average incoming solar radiation differed by 8%, which was smaller than the R n difference (20%). Because the ground-surface conditions at the two citrus groves were different (FC had a grass cover, while RC had a bare soil or limited grass cover), the surface albedos were different (Kotani and Sugita, 2005) . Surface albedo defines the percentage of solar energy reflected back by a surface to the atmosphere. The bare soil surface can be expected to have a higher albedo (more reflective) than the grass cover. The difference in R n values might be caused by different surface albedos. Figure 5 shows the diurnal cycle of fluxes averaged on a quarterly basis by site. Average LE and H values for the RC site were the largest in the quarter from July to September 2004. The peak hours for R n , LE, and H were slightly different for the two sites, with the FC site about 0.5 to 1 h later than the RC site. The FC fluxes (R n and LE) typically had smoother diurnal curves than the RC fluxes. The shape difference was most evident during the April to July 2005 period, when the RC site had decreased fluxes (R n and LE) during the afternoon (about 2:00 to 3:00 p.m.), corresponding to frequent rainfall events. Cloud cover associated with rainfall can cause reduced fluxes because of reduced energy input and lowered air temperature. At the FC site, rainfall tended to be evenly distributed over the day. The LE was greater than the H most of the time at both sites, except from January to March 2005. During this period, sensible heat fluxes exceeded latent heat fluxes during the daytime, but in the early morning and late afternoon, LE values were greater. LE and H for nighttime hours were not estimated; however, a difference in nighttime R n was evident for all periods between the two sites. The average nighttime R n was −40 W/m 2 for RC and −24 W/m 2 for FC, a difference of 39%. 
CITRUS EVAPOTRANSPIRATION
The daily ET c rates are plotted in figure 6 by location. The annual average ET c rates at the two citrus groves were 2. The 2004-2005 period was unusually wet in Florida. Rainfall during the study period (1809 and 2232 mm for RC and FC, respectively) was nearly 30% and 50% higher than the historic average annual rainfall for the two locations (1220 and 1320 mm, respectively; Purdum, 2002) . The ET c rates (1064 and 1044 mm for RC and FC, respectively) are 59% (RC) and 47% (FC) of the rainfall amounts ( fig. 7) . Above-average rainfall associated with the hurricanes in 2004 affected both sites, and the FC site also experienced heavy monthly rainfall in June 2005 (582 mm). Rainfall over the season was nearly always more than sufficient to meet weekly ET c . The higher ET c rates in the fall of 2004 compared to the spring of 2005 at both locations are probably related to excessive rainfall from the hurricanes causing water logging in the root zone. Although the annual ET c rates at the two sites were almost identical, the FC site received 423 mm more rainfall than the RC site, with 363 mm more rainfall from 31 May to 14 July 2005.
The daily ET c values are plotted against the ET o for both locations in figure 8 . The ET c rates were lower than ET o , but followed a similar trend for both locations. A regression analysis between the ET c and the ET o values showed that they were related to each other with R 2 = 0.68 and R 2 = 0.74 for the RC and FC sites, respectively. However, from July to December 2004, the ratio of ET c to ET o was much higher for the RC site than for the FC site. The ratio of ET c to ET o was more consistent for the FC site. This is probably due to the reference ET station's location, with the RC grass reference ET station 45 km away in a large grass field (Jia et al., 2006) and the FC grass reference ET station near the FC citrus grove at a small grass field.
CROP COEFFICIENTS
The calculated daily K c values at the two locations are plotted in figure 9 . The RC K c was greater than the FC K c during most days, with some exceptions in the winter. Analysis of the monthly K c values for the two locations indicates different K c curves. The results are shown in figures 10 and 11. For the RC site, the K c curve value was 1.05 from July to November, corresponding to the peak citrus growing stage ( fig. 10) . The citrus was harvested in early January at the RC site. From April to June, the citrus experienced its developing growth stage. When soil moisture data are available, a soil water stress coefficient may be introduced to enhance the K c estimation (Allen et al., 1998; Morgan et al., 2006) . The lower K c curve value of 0.65 occurred in the winter, when both citrus growth and precipitation were minimal. For the FC site, the highest K c curve value was 0.85 from June to October ( fig. 11 ). For all other months, the K c values stayed constant at 0.65. The monthly recommended K c values for ridge citrus and flatwoods citrus are listed in table 3.
DISCUSSION
The eddy correlation method provided direct, reliable estimates of ET c rates for two citrus groves in a humid climate. Because of differences in geographic location, depth to water table, tree density, ground cover, and weather variables, the two citrus groves exhibited different energy partitioning, ET c , and K c patterns. The relatively high rainfall during the study also may have contributed to the high K c variability (Rogers et al., 1983; Morgan et al., 2006) .
INTERCOMPARISON
The total energy received at the two locations was slightly different, with higher energy at the southern site probably due to the difference in geographic location (fig. 1) ; the distance between the two locations is about 200 km. However, a larger fraction of the energy received at the surface was used for ET c at the RC site than at the FC site. This was most obvious in the fall of 2004, when 80% of R n at the RC site and 65% of R n at the FC site were used for ET c . During the fall of 2004, both stations received high rainfall amounts from hurricanes, but the effect that this rainfall had on ET c was different because the ground cover between the tree rows at the two sites differed (fig. 2 ). The RC site had a nearly bare soil surface with a few weeds, whereas the FC site had a dense grass cover with a drainage ditch in every other row. For the same energy received at the surface, the evaporation rate is higher from a wet soil surface than from a wet grass surface when soil water is not limiting the evaporation (Hillel, 1998) . When the soil is dry, a reduced ET c rate is expected because the surface soil moisture becomes the limiting factor for evaporation (Morgan et al., 2006) .
The evaporative ratio (LE/R n ) was slightly larger for the RC site than for the FC site, which implies less energy went into H and G at the RC site. This difference could be due to differences in canopy energy storage, because the flatwoods citrus has a greater density of trees (Kotani and Sugita, 2005) . The difference also could be due to differences in the ground cover between the rows and under the trees. Differences in instrumentation and local meteorological differences also could affect R n and other parameters. Differences in the height of sensors above the canopy also may have contributed to some evaporative differences.
The RC station used a Kipp & Zonen NR-Lite net radiometer, and the FC station used a REBS Q-7.1 net radiometer for the net radiation measurement. Brotzge and Duchon (2000) compared seven NR-Lite net radiometers and one REBS Q-7.1 net radiometer. Intercomparison among the seven NR-Lites revealed little variation; however, the net radiation standardization coefficients calculated using an Eppley four-component system (net radiometer) as the standard were different for the two types of sensors during both daytime and nighttime. The Q-7.1 had a daytime (nighttime) bias of −45.54 W/m 2 (−21.2 W/m 2 ) and an offset of 10.7% (−13.8%), whereas the NR-Lites had daytime (nighttime) bias ranging from 6 to 12 W/m 2 (4 to 7 W/m 2 ) and an offset ranging from 8% to 13% during the day (0.5% to 8% at night).
In humid climates, the evapotranspiration rate (either ET c or ET o ) is largely dependent on the total available energy (Choudhury, 2000; Yoder et al., 2005) . The ET c rates at the two locations were not significantly different according to the analysis of variance for a single factor (ANOVA) with a p-value of 0.58, indicating that changes in the total available energy explained most of the changes in the ET c . Morgan et al. (2006) stated that 88% of the variations in citrus K c were related to the day of year (solar energy). Although the differences between the total available energy (R n − G) at the two locations varied slightly, the resultant ET c rates were close, with annual averages of 2.92 and 2.86 mm/d for the RC and FC sites, respectively. The RC site had a higher daily variance (2.07 mm/d) compared to the FC site (1.49 mm/d), possibly due to the high wind profiles at the RC site. For the central ridge, the wind profile is more localized due to the natural contour of the land surface. If blowing parallel to the ridge, the wind can channel between the ridges rather than being displaced over the ridges (Abtew et al., 1989) . Analysis of four weather stations near the RC grove found that the wind differed significantly among stations.
In general, the RC site had higher K c values than the FC site, similar to the results reported by other researchers for the two regions. The measured peak K c at the RC site was 1.14 in August, similar to 1.1 from Morgan et al. (2006) for a mature ridge citrus with the ET c estimated by a soil water balance method and the ET o by the FAO56 method (Allen et al., 1998) . The measured peak K c at the FC site was 0.89 in June, similar to 0.85 from FAO56 by Allen et al. (1998) .
EXTERNAL COMPARISON
In FAO24 (Doorenbos and Pruitt, 1977) , citrus K c values estimated from a soil water balance method range from 0.85 in the summer to 0.90 in January and February for mature citrus with 50% to 70% ground cover. FAO56 citrus K c values, also derived from a soil water balance method, range from 0.80 to 0.85 for citrus with grass cover (Allen et al., 1998) . Rogers et al. (1983) reported citrus K c values estimated by a water balance method in Florida flatwoods with grass cover varying from 0.9 to 1.0. Using a drainage lysimeter method, Boman (1994) found that young flatwoods citrus trees surrounded by a bare soil surface had K c values of 0.6 in December to February and peak values of 1.1 in June and July. Morgan et al. (2006) determined that citrus K c values ranged from 0.7 to 1.1 for 14-year-old 'Hamlin' orange trees in Florida's central ridge. For navel-orange tree groves in California, Consoli et al. (2006) determined that K c values ranged from 0.45 to 0.93 for canopy covers with 3.5% to 70% ground shading using an energy balance method. Rana et al. (2005) used the eddy correlation method to measure ET c , and the FAO56 method to calculate ET o for citrus K c in a Mediterranean climate. Their K c values ranged from 0.8 to 1.2, corresponding to citrus phenological growth stage and the effects of high wind speed and high vapor pressure deficit.
Our results indicate that the FAO56 and FAO24 values are slightly low for Florida citrus groves during the active growing season for ridge citrus. The FAO56 and FAO24 values also do not capture the seasonal variability of crop coefficients observed in this study as well as by Boman (1994) and Morgan et al. (2006) 
CONCLUSIONS
Florida citrus accounts for 80% of the citrus production in the U.S. and is one of the most important agricultural crops in the state. This study compared citrus evapotranspiration rates for two typical Florida citrus regions: ridge and flatwoods. Energy partitioning, evapotranspiration rates, and crop coefficients were determined and analyzed for two citrus groves in these two regions from 15 July 2004 to 14 July 2005. The results indicate that more of the available energy was used for ET c at the RC site than at the FC site, but overall, the ET c rates were similar between the two locations during a wetter than normal study year. The K c values for the two locations differed from each other during the growing season and were consistent during the winter months. The annual average K c values were higher for the RC site (0.88) than for the FC site (0.72), with monthly recommended values ranging from 0.70 to 1.05 for the RC citrus and from 0.65 to 0.85 for the FC citrus. Peak season K c values for the FC site may have been limited by water logging in the root zone.
